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Summary
Heterotrimeric G proteins are critical cellular signal
transducers. They are known to directly relay signals
from seven-transmembrane G protein-coupled recep-
tors (GPCRs) to downstream effectors. On the other
hand, receptor tyrosine kinases (RTKs), a different
family ofmembrane receptors, signal through docking
sites in their carboxy-terminal tails created by auto-
phosphorylated tyrosine residues. Here we show that
a heterotrimeric G protein, Ga13, is essential for RTK-
inducedmigration ofmouse fibroblast and endothelial
cells. Ga13 activity in cell migration is retained in a
C-terminal mutant that is defective in GPCR coupling,
suggesting that the migration function is independent
of GPCR signaling. Thus, Ga13 appears to be a critical
signal transducer for RTKs as well as GPCRs. This
broader role of Ga13 in cell migration initiated by two
types of receptors could provide a molecular basis
for the vascular system defects exhibited by Ga13
knockout mice.
Introduction
A structurally diverse repertoire of ligands, from photons
to large peptides, activates G protein-coupled receptors
(GPCRs) to elicit their physiological functions (Dohlman
et al., 1991; Gilman, 1987; Vassilatis et al., 2003). Ligand-
bound GPCRs, in turn, function as guanine nucleotide
exchange factors catalyzing the exchange of GDP
bound on the Ga subunit with GTP in the presence of
Gbg, causing the dissociation of the Ga subunit from
the Gbg dimer to form two functional units (Ga and
Gbg) (Bourne et al., 1990). Both Ga and Gbg subunits
signal to various cellular signaling pathways. Based on
the sequence and functional homologies, G proteins
are grouped into four families: Gs, Gi, Gq, and G12 (Simon
et al., 1991). As increasing numbers of effectors and in-
teracting proteins for these G proteins have been identi-
fied, the physiological processes in which G proteins
participate are multiplying.
In the G12 family, there are two members, G12 and G13,
that are expressed ubiquitously. Biochemical and yeast
two-hybrid studies have revealed several different types
of potential direct downstream effectors or interacting
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index.htmlproteins for Ga12 and Ga13. These include p115 Rho-
GEF family proteins, Btk/Tec family nonreceptor tyrosine
kinases, the GAP1 subfamily of Ras-GAP proteins, actin
binding radixin, cadherins, Ser/Thr protein phosphatase
type 5, and Hax-1 (Hart et al., 1998; Jiang et al., 1998;
Meigs et al., 2001; Vaiskunaite et al., 2000; Yamaguchi
et al., 2002). Currently, it is not clear in which physiolog-
ical process(es) Ga12 and Ga13 use these and other
downstream targets. Ga12 knockout mice appeared nor-
mal (Gu et al., 2002). Ga13 knockout mice displayed em-
bryonic lethality (wE9.5) (Offermanns et al., 1997). MEF
(mouse embryonic fibroblast) cells from Ga13
2/2 mice
showed defective cell migration in response to GPCRs
for thrombin and lysophosphatidic acid (LPA) (Offer-
manns et al., 1997). The Ga13
2/2mouse embryos had de-
fective vascular systems (Offermanns et al., 1997). The
molecular basis that underlies the vascular defect ob-
served in Ga13
2/2mouse embryos has not been defined.
Receptor tyrosine kinases (RTKs) are another major
family of membrane-spanning receptors in mammals
that mediate the transmembrane signaling from ligands
including peptide growth factors (Blume-Jensen and
Hunter, 2001). Increases in the intrinsic tyrosine kinase
activity of these receptors often lead to cancers (Blume-
Jensen and Hunter, 2001). Studies on these RTKs have
greatly advanced our understanding of the biochemical
regulation of cell proliferation. RTKs autophosphorylate
the tyrosine residues on thecarboxyl tails of the receptors
(Hubbard, 2004). These phosphorylated tyrosine resi-
dues then serve as docking sites for adaptor proteins
suchasShcand Grb2and enzymessuchasphosphatidyl-
inositol 30-kinase, tyrosine phosphatases, and nonrecep-
tor tyrosine kinases (Blume-Jensen and Hunter, 2001).
These adaptors and enzymes relay the receptor signals
to various cellular signaling pathways. RTKs could signal
through guanine nucleotide binding proteins. The bio-
chemical pathway linking RTKs to the small GTPases
involves adaptor proteins and guanine nucleotide ex-
change factors. RTKs play critical roles in many physio-
logical processes including cell migration (Risau, 1997).
To understand the physiological function of Ga13, we
investigated the signaling defects in Ga13
2/2 cells.
Here we report that Ga13 is essential for RTK-induced
migration of fibroblast and endothelial cells. This Ga13
function in fibroblasts might be independent of a
GPCR. Ga13 and the small GTPase Rac form a complex
in cells. Deficiency of Ga13 alters the subcellular localiza-
tion of Rac and blocks the membrane ruffling and lamel-
lipodia formation induced by RTKs. Our data suggest
that a heterotrimeric G protein, G13, plays an essential
role in cell migration induced by a non-GPCR. These re-
sults could explain the defective vasculature phenotype
of the Ga13
2/2 mice.
Results
Role of Ga13 in RTK-Induced Fibroblast Cell
Migration
In wild-type MEF cells, addition of platelet-derived
growth factor (PDGF-BB at 20 ng/ml) or serum (10%
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708Figure 1. Ga13 Is Required for PDGF-Induced
Cell Migration
(A) Wound-healing assay showed that PDGF-
BB (20 ng/ml) or serum (10% FBS) induced
the migration of serum-starved wild-type
MEF cells.
(B) Wound-healing assay showed that serum,
but not PDGF, induced the migration of
Ga12
2/2Ga13
2/2 cells. Data are representa-
tive of five experiments.
(C) Chamber assay of PDGF and serum-in-
duced wild-type MEF cell migration.
(D) Chamber assay of PDGF and serum-in-
duced Ga12
2/2Ga13
2/2 cell migration. Re-
sults are the mean6 SD of three independent
chambers.
(E) Deficiency of Ga12 and Ga13 had no effect
on PDGF-induced activation of MAPK. Bot-
tom panel: Western blot with an anti-ERK
MAPK antibody showing that similar
amounts of cell lysates were used in each
lane. Data are representative of three experi-
ments.
(F) Wound-healing assay showed that PDGF
did not induce the migration of serum-
starved Ga12-re-expressing Ga12
2/2Ga13
2/2
cells (Ga12
2/2Ga13
2/2 + Ga12 cells).
(G) Wound-healing assay showed that Ga13
rescued PDGF-induced migration of Ga12
2/2
Ga13
2/2 cells (Ga12
2/2Ga13
2/2 + Ga13 cells).
Data are representative of three experiments.
(H) Chamber assay of PDGF and serum-in-
duced Ga12
2/2Ga13
2/2 + Ga12 cell migration.
(I) Chamber assay of PDGF and serum-in-
duced Ga12
2/2Ga13
2/2 + Ga13 cell migration.
For all panels, results are the mean 6 SD
(n = 3). The scale bars represent 100 mm.fetal bovine serum) induced cell migration (Figure 1A).
We have used two approaches to study the migration
of MEF cells. One is the qualitative wound-healing assay
(Figures 1A and 1B), and the other is the quantitative
Boyden chamber assay (Shan et al., 2005; Yang and
Huang, 2005) (Figures 1C and 1D). For Ga12
2/2Ga13
2/2
MEF cells (MEF cells derived from Ga12
2/2Ga13
2/2
mouse embryos), addition of PDGF did not induce cell
migration (Figures 1B and 1D). These Ga12
2/2Ga13
2/2
cells are capable of migrating, as addition of serum in-
duced their migration (Figures 1B and 1D). Furthermore,
activation of mitogen-activated protein kinase ERK by
PDGF was not affected in Ga12
2/2Ga13
2/2 cells
(Figure 1E). These results suggest that PDGF signaling
to cell migration in fibroblast cells requires Ga12 or
Ga13 or both. Similarly, epidermal growth factor (EGF) in-
duced themigration ofwild-type,but not Ga12
2/2Ga13
2/2,
MEF cells (see Figure S1 in the Supplemental Data avail-
able with this article online).
To determine whether Ga12 or Ga13 or both are essen-
tial for PDGF-induced cell migration, we re-expressed
wild-type Ga12 or Ga13 in Ga12
2/2Ga13
2/2 cells. Cellsstably re-expressing Ga12 (Ga12
2/2Ga13
2/2 + Ga12 cells)
did not respond to PDGF in terms of cell migration (Fig-
ures 1F and 1H). On the other hand, cells stably re-ex-
pressing Ga13 (Ga12
2/2Ga13
2/2 + Ga13 cells) showed
PDGF-induced cell migration (Figures 1G and 1I). Al-
though Ga12
2/2Ga13
2/2 cells spread over a larger sur-
face area and are thinner than wild-type MEF cells, this
difference could not explain the defect in cell migration,
as Ga12
2/2Ga13
2/2 + Ga13 cells have the same morphol-
ogy as Ga12
2/2Ga13
2/2 cells. Furthermore, Ga13
2/2 cells
look similar to wild-type MEF cells (Figure 2), and yet
Ga13
2/2 cells did not migrate in response to PDGF or
EGF. These data demonstrated that Ga13 is essential
for RTK-induced cell migration.
To further confirm the role of Ga13 in growth factor-in-
duced cell migration, we have used two additional ex-
perimental systems. First, we used fibroblast cells iso-
lated from Ga13 single-knockout mouse embryos
(Figure 2A). While serum induced the migration of
Ga13
2/2 cells, neither PDGF nor EGF could induce
Ga13
2/2 cell migration. Re-expression of a wild-type
Ga13 in Ga13
2/2 cells rescued the migratory response
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709Figure 2. Deficiency of Ga13 and Ga13 RNAi-Inhibited PDGF-Induced Cell Migration
(A) Wound-healing assays showed that serum, but not PDGF and EGF, induced the migration of Ga13
2/2 cells. Re-expression of either a wild-
type Ga13 or a C-terminal deleted Ga13 mutant rescued the migratory response to PDGF or EGF. Data are representative of five experiments. The
scale bar represents 100 mm.
(B) Western blots were performed with whole-cell extracts prepared from MEF cells, Ga13
2/2 cells, Ga13
2/2 + wild-type Ga13 cells, and Ga13
2/2 +
C-terminal deleted Ga13 cells. The expression levels of wild-type Ga13 and the C-terminal deleted Ga13 mutant proteins were similar,w80% of
endogenous Ga13 protein.
(C) Western blots were performed with whole-cell extracts prepared from MEF cells treated with control siRNA, Ga13 siRNA, or cells transfected
with both Ga13 siRNA and wild-type human Ga13.
(D) Chamber assay of PDGF-induced migration of MEF cells treated with control siRNA, Ga13 siRNA, or cells transfected with both Ga13 siRNA
and wild-type human Ga13. Results are the mean 6 SD of three independent chambers.
(E) Wound-healing assay showed that Ga13 siRNA treatment reduced PDGF-induced MEF cell migration. Data are representative of three exper-
iments. The scale bar represents 100 mm.
(F) Western blots were performed with whole-cell extracts prepared from mouse endothelial SVEC4-10 cells treated with control siRNA, Ga13
siRNA, or cells transfected with both Ga13 siRNA and wild-type human Ga13.
(G) Chamber assay of VEGF-induced migration of mouse endothelial SVEC4-10 cells treated with control siRNA, Ga13 siRNA, or cells transfected
with both Ga13 siRNA and wild-type human Ga13. Results are the mean 6 SD of three independent chambers.to PDGF and EGF (Figure 2A). The protein level of re-ex-
pressed Ga13 wasw80% that of endogenous Ga13 pro-
tein (Figure 2B). Second, RNA interference was used to
downregulate the endogenous Ga13 protein levels in
wild-type MEF cells. Transfection of an siRNA against
mouse Ga13 significantly reduced the level of endoge-
nous mouse Ga13 protein, while transfection with a con-
trol siRNA did not (Figure 2C). The protein levels of Ga12
and tubulin were not changed in these siRNA-trans-fected cells (Figure 2C). Notably, Ga13 siRNA-treated
cells showed a defective cell migratory response to
PDGF stimulation as measured by both the chamber
and wound-healing assays (Figures 2D and 2E). Further-
more, a second siRNA against a different region of
mouse Ga13 gave similar results (data not shown). More-
over, we re-expressed human Ga13 in siRNA-treated
MEF cells (there are 5 different nucleotides within the
19 nucleotide siRNA oligomer between mouse and
Developmental Cell
710Figure 3. RacG12V Failed to Induce Ga12
2/2
Ga13
2/2 Cell Migration
(A) PDGF-induced MEF cell migration was
blocked by a dominant-negative mutant Rac
(RacT17N). The Western blot in the right
panel shows the expression levels of Rac
proteins in untransfected and transfected
cells.
(B) A constitutively active mutant Rac
(Rac1G12V) induced MEF cell migration,
while transfection of a control empty vector
plasmid or of Ga13QL plasmid did not. The
expression levels of Rac and Ga13 proteins
in untransfected and transfected cells are
shown by Western blots (right panels).
(C) Rac1G12V did not induce Ga12
2/2Ga13
2/2
cell migration. All above data were from
wound-healing assays and are representa-
tive of three experiments. Western blot (right
panel) shows the expression levels of Rac
proteins in untransfected and transfected
cells.
(D) Chamber assay of Rac1G12V effect on the
migration of MEF and Ga12
2/2Ga13
2/2 cells.
Results are mean 6 SD (n = 3). The expres-
sion levels of Rac proteins in untransfected
and transfected cells are shown by Western
blot (right panel).
(E) Rac activation assay. Cell lysates from
MEF or Ga12
2/2Ga13
2/2 cells with or without
PDGF treatment were incubated with GST-
PBD. The pulled down active Rac was immu-
noblotted with an anti-Rac antibody. The
bottom panel shows the Western blot with
anti-Rac of the cell lysate used (10% of that
used in the top panel). Data are representa-
tive of three experiments.
The scale bars represent 100 mm.human Ga13 genes). Introduction of human Ga13 res-
cued PDGF-induced cell migration (Figure 2D). Without
PDGF (or other stimuli), migration of cells treated with
Ga13 RNAi or Ga13 RNAi + human Ga13 was not signifi-
cantly different from that of cells treated with control
RNAi (data not shown). Hence, these data confirmed
that Ga13 is essential for PDGF-induced MEF cell migra-
tion.
To investigate the role of Ga13 in RTK-induced migra-
tion of other cell types, we examined the endothelial cell
migration induced by VEGF. As shown in Figure 2F,
treatment of mouse endothelial cells (SVEC4-10 cells)
with Ga13 siRNA reduced the endogenous mouse Ga13
protein level, but had no effect on the protein levels of
Ga12 and tubulin. This treatment also reduced VEGF-in-
duced endothelial cell migration (Figure 2G). A control
siRNA had no effect on the Ga13 protein level or cell mi-
gration (Figures 2F and 2G). Re-expression of the human
Ga13 gene in these Ga13 siRNA-transfected cells re-
stored the migratory response to VEGF (Figures 2F
and 2G). These data show that Ga13 is also involved in
VEGF-induced endothelial cell migration.
Rac Acts Upstream of or in Parallel to Ga13
To investigate the mechanism by which a heterotrimeric
G protein, Ga13, is involved in growth factor-induced cell
migration, we examined the relationship of Ga13 to other
known signaling molecules downstream of PDGFRs.
The Rho family small GTPase Rac is involved in lamelli-podia formation, cell adhesion, and cell migration (Hall,
1998; Ridley et al., 1992; Sugihara et al., 1998). Genetic
evidence has demonstrated that Rac is essential for
PDGF-induced cell migration (Sugihara et al., 1998). As
shown in Figure 3A, dominant-negative Rac mutants
(Rac1 T17N) reduced PDGF-induced migration of MEF
cells. Constitutively active Rac mutants (Rac1 G12V) in-
duced MEF cell migration in the absence of PDGF
(Figure 3B). These data confirm a role for Rac in
PDGF-induced migration of MEF cells. Because both
Ga13 and Rac are involved in PDGF signaling to cell mi-
gration, we studied whether Rac acts upstream or
downstream of G13. Expression of the constitutively ac-
tive Rac mutants (Rac1 G12V) failed to induce the migra-
tion of Ga12
2/2Ga13
2/2 cells (Figures 3C and 3D). Fur-
thermore, in Ga12
2/2Ga13
2/2 cells, PDGF still activated
Rac (Figure 3E). Moreover, constitutively active mutant
Ga13Q226L could not induce MEF cell migration by it-
self, indicating that Ga13 is required, but not sufficient,
for cell migration (Figure 3B). Therefore, Rac acts up-
stream of or in parallel to Ga13 in PDGF-induced cell mi-
gration. If Rac works upstream of Ga13, it is likely that
Rac employs several signaling pathways to promote
cell migration and that G13 is part of one of these path-
ways.
No Requirement for Coupling to a GPCR
If Rac works upstream of Ga13, it is possible that PDGF,
through Rac, induces the production and secretion of
Role of Ga13 in RTK-Induced Cell Migration
711Figure 4. PDGF-Induced Ga13-Dependent Cell Migration Does Not Require GPCR Coupling
(A) Two models that could explain the role of Ga13 in PDGF-induced cell migration (see text for description).
(B) LPA-induced actin stress fiber formation in wild-type MEF cells, Ga12
2/2Ga13
2/2 cells, Ga12
2/2Ga13
2/2 + wild-type Ga13 cells, and Ga12
2/2
Ga13
2/2 + C-terminal deleted Ga13 cells.
(C) Western blots were performed with whole-cell extracts prepared from wild-type MEF cells, Ga12
2/2Ga13
2/2 cells, Ga12
2/2Ga13
2/2+ wild-type
Ga13 cells, and Ga12
2/2Ga13
2/2 + C-terminal deleted Ga13 cells. The expression levels of wild-type Ga13 and the C-terminal deleted Ga13 mutant
proteins were similar,w25% of endogenous Ga13 protein.
(D) Wound-healing assay of PDGF-induced migration of the Ga12
2/2Ga13
2/2 cells expressing a C-terminal deleted Ga13. The scale bar represents
100 mm.
(E) Chamber assay of PDGF-induced migration of Ga12
2/2Ga13
2/2 cells expressing a C-terminal deleted Ga13. Results are means 6 SD (n = 3).
(F) LPA induced the migration of MEF cells and Ga13
2/2 + wild-type Ga13 cells, but not Ga13
2/2 cells and Ga13
2/2 + C-terminal deleted Ga13 cells.
Data are representative of three experiments. Results are means 6 SD (n = 3).a ligand(s) that signals through a G13-coupled GPCR
(Figure 4A). Alternatively, Rac could signal through
Ga13 without a GPCR (Figure 4A). We tested the possi-
bility of a GPCR working between PDGFR and G13. If
there is a Ga13-coupled receptor involved, a Ga13 mutant
that is defective in coupling to the receptor should not
be able to rescue the Ga13 deficiency. The C termini of
Ga subunits of heterotrimeric G proteins are essential
for coupling to GPCRs (Bourne, 1997; Conklin et al.,1993; Garcia et al., 1995; Gilchrist et al., 2001; Hirsch
et al., 1991; Kallal and Kurjan, 1997; Masters et al.,
1988; Onrust et al., 1997; Osawa and Weiss, 1995; Sulli-
van et al., 1987). Addition of epitope tags at or deletion of
amino acid residues from the C-terminal end of Ga
blocks GPCR-G protein interactions in vitro and in cells
(Bourne, 1997; and our unpublished data). We have
made several C-terminal tagged or deleted Ga13 mu-
tants that are defective in coupling to GPCRs (see
Developmental Cell
712Figure 5. Rac and G13 Form a Complex
In Vitro and in Cells
(A) Diagram of the Ga13, Gai1, and the chimera
Ga13/i-DD1 constructs.
(B) Purified GST-Rac or GST-Rho preloaded
with GDP or GTPgS was mixed with purified
Ga13, Gai1, and Ga13/i-DD1 preloaded with
GDP or GTPgS. Glutathione beads were
used to pull down. Western blots were with
anti-His6 antibodies.
(C) Purified Rac preloaded with GTPgS and/
or purified wild-type Ga13 preloaded with
GDP were pulled down with anti-Rac or
anti-Rho antibodies. Western blots were
with an anti-Ga13 antibody.
(D) Purified Rac preloaded with GTPgS, puri-
fied wild-type Ga13 preloaded with GDP, and/
or purified Gbg were pulled down with anti-
Rac or anti-Ga13 antibodies. Western blots
were with an anti-Gb antibody.
(E) HEK293T cells were transfected with indi-
cated plasmids. Whole-cell lysates were pre-
pared and immunoprecipitated with anti-Rac
antibodies. The Western blot was with an
anti-Ga13 or anti-Ga12 antibody.
(F) MEF cell lysates were immunoprecipitated
with an anti-Rac antibody and Western blot-
ted with an anti-Ga13 antibody. Data are rep-
resentative of three to five experiments.Experimental Procedures). Because the results from
these Ga13 mutants were the same, only results from
the Ga13 mutant with deletion of the last five amino
acid residues and with a C-terminal Myc and His6 tags
(referred to as the Ga13 deletion mutant) are described
in detail here. To confirm that this Ga13 deletion mutant
could not couple to a GPCR in cells, we examined the
formation of actin stress fibers induced by G13-coupled
receptors for LPA. It was previously demonstrated that
LPA uses Ga13 to induce the formation of actin stress fi-
bers in MEF cells (Gohla et al., 1999). As shown in
Figure 4B, though LPA induced formation of actin stress
fibers in MEF cells, LPA failed to induce actin stress fiber
formation in Ga12
2/2Ga13
2/2 cells. Stable expression of
wild-type Ga13 in Ga12
2/2Ga13
2/2cells rescued the LPA-
induced stress fiber formation. On the other hand,
Ga12
2/2Ga13
2/2 cells stably expressing the Ga13 dele-
tion mutant did not show stress fiber formation after
LPA stimulation (Figure 4B). The protein expression
levels of wild-type Ga13 and the C-terminal deleted
Ga13 mutant proteins in these cells were similar, and
w25% that of endogenous Ga13 protein (Figure 4C).
These results confirm that a C-terminal deleted Ga13
could not couple to GPCRs in cells. We then studied
the rescue of PDGF-induced cell migration of Ga12
2/2
Ga13
2/2 cells by wild-type and C-terminal deleted
Ga13. We observed that both wild-type Ga13 and the
C-terminal deleted Ga13 rescued the cell migration de-
fect of Ga12
2/2Ga13
2/2 cells (compare Figures 1G and
1I with Figures 4D and 4E). These results were verified
by chamber assay showing a similar extent of rescue
(Figures 1I and 4E). Furthermore, this bypass of aGPCR was not due to overexpression of Ga13 mutant
proteins in Ga12
2/2Ga13
2/2 cells, as the expression level
of Ga13 in Ga13-deficient cells was less than that in wild-
type MEF cells (Figure 4C). Therefore, these data sug-
gest that a G13-coupled GPCR is unlikely to be essential
in this pathway.
To further confirm this GPCR independence, we re-
peated these experiments in Ga13
2/2 single-knockout
MEF cells and observed similar results (Figure 2A;
Figure S2). While expression of wild-type Ga13 in
Ga13
2/2 cells rescued LPA-induced stress fiber forma-
tion, the C-terminal deleted Ga13 did not (Figure S2).
On the other hand, expression of either wild-type or
the C-terminal deleted Ga13 in Ga13
2/2 cells rescued
PDGF- (and EGF-) induced migration of these cells
(Figure 2A). Moreover, while wild-type Ga13 rescued
the migration defect of Ga13
2/2 cells in response to
LPA, the C-terminal deleted Ga13 mutant did not
(Figure 4F), reaffirming the functional uncoupling of
this C-terminal deleted Ga13 mutant from GPCRs. To-
gether, these results suggest that coupling to GPCRs
is not essential for the participation of Ga13 in RTK-
induced cell migration.
Complex Formation between Rac and Ga13
To further understand the mechanism by which Rac and
Ga13 work together in RTK-induced cell migration, we
examined the possibility of Rac and Ga13 existing in
a complex. First, we performed in vitro binding experi-
ments with purified Rac1 and purified Ga13 (Figures
5A–5D). Because purified wild-type Ga13 proteins were
difficult to load with GTPgS, we have generated a Ga13
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ported strategy (Chen et al., 2005) (Figure 5A). The Ga13/
i-DD1 protein could be purified fromEscherichia coli and
the purified protein could be loaded with [35S]GTPgS
(the final ratio of [35S]GTPgS loaded versus Ga13/i-DD1
protein was w0.35). Purified GST-Rac1 proteins pre-
loaded with GDP or GTPgS were used for in vitro pull-
down assays (Figure 5B). When the binding reaction
was carried out in the presence of 500 mM NaCl, only
GST-Rac1(GTPgS) pulled down Ga13/i-DD1(GDP) (Fig-
ure 5B). When the binding experiments were performed
under less stringent conditions (in the presence of 150
mM NaCl), additional weak interactions were observed
between Rac1(GDP) and Ga13/i-DD1(GDP), Rac1(GDP)
and Ga13/i-DD1(GTPgS), as well as Rac1(GTPgS) and
Ga13/i-DD1(GTPgS) (Figure 5B). Furthermore, neither
Rac1(GDP) nor Rac1(GTPgS) interacted with Gai1(GDP)
or Gai1(GTPgS) (Figure 5B). Moreover, RhoA(GDP) and
RhoA(GTPgS) did not bind Ga13/i-DD1 preloaded with
GDP or GTPgS (Figure 5B). Therefore, the strongest in-
teraction is between Rac(GTPgS) and Ga13(GDP). This
result was confirmed with purified wild-type Ga13
(Figure 5C). When purified Rac1(GTPgS) and Ga13(GDP)
were incubated together, an anti-Rac antibody pulled
down Ga13, while RhoA(GTPgS) did not under the
same conditions (Figure 5C). Similarly, anti-Ga13 anti-
bodies pulled down Rac1 only in the presence of Ga13,
reaffirming their direct interaction (data not shown). Be-
cause Ga13(GDP) can bind Gbg subunits, we looked into
whether Rac(GTPgS) and Gbg compete for binding to
Ga13(GDP). As shown in Figure 5D, anti-Rac antibodies
coimmunoprecipitated Gbg only in the presence of
Ga13(GDP). These data imply that, after activation, Rac
could interact with Ga13 subunits or with Ga13-Gbg tri-
mer. Together, these results demonstrate that Rac and
Ga13 directly interact with each other. Moreover, this
provides an example of direct interaction between a het-
erotrimeric G protein and a Rho family small GTPase.
Next, we investigated the interaction of Rac and Ga13
in cells. First, we studied the GDP or GTP dependency of
the interaction in cells. Constitutively active Rac1(G12V),
wild-type Rac, constitutively active Ga13(Q226L), and
wild-type Ga13 plasmids were used to transfect
HEK293T cells. Cells were treated with or without
PDGF. After immunoprecipitation with anti-Rac anti-
bodies, coprecipitation of Ga13 was examined with
anti-Ga13 antibodies (Figure 5E). When Rac is active
(Rac1[G12V]), coimmunoprecipitation of Ga13 was de-
tected in the absence of PDGF treatment (Figure 5E,
lane 1). This confirmed the in vitro data showing the in-
teraction of Rac(GTPgS) and Ga13(GDP). On the other
hand, when wild-type Rac and Ga13 were used, PDGF
stimulation was required to observe the interaction
(Figure 5E, lanes 3 and 4). This PDGF treatment was
likely needed to activate Rac, not Ga13, as expression
of Ga13(Q226L) and wild-type Rac did not lead to coim-
munoprecipitation without PDGF stimulation (Figure 5E,
lane 5). The interaction seen after PDGF treatment
(Figure 5E, lane 6) in cells expressing Rac and
Ga13(Q226L) might reflect the binding of activated Rac
with endogenous Ga13 or Ga13(Q226L) after some of
the Ga13(Q226L) protein slowly hydrolyzed bound GTP.
Indeed, coimmunoprecipitation of endogenous Rac
and Ga13 could be observed after PDGF stimulation(Figure 5F). Hence, these data demonstrate that Rac
and Ga13 form a complex in cells.
Deficiency of Ga13 Blocks PDGF-Induced Membrane
Ruffling and Lamellipodia Formation
Next, we studied the physiological consequence of the
Rac and Ga13 interaction. First, we examined whether
purified Rac1 or Ga13 proteins could affect each other’s
guanine nucleotide exchange or GTPase activity. We did
not observe any significant changes in these activities.
Second, we examined the subcellular localization of
Rac in the presence or absence of Ga13. In wild-type
MEF cells, PDGF treatment induced Rac translocation
to membrane ruffles and lamellipodia at the cell periph-
ery (80%–90% of the cells) (Figure 6A). Membrane ruffles
and lamellipodia are protruding membrane structures at
the cell edge that are essential for cell migration (Hall,
1998). Strikingly, Rac was localized away from the pe-
ripheral membrane edge in Ga12
2/2Ga13
2/2 cells after
PDGF treatment (Figure 6A). Instead, Rac was localized
on the dorsal (top) surface of the cells, forming a ring
structure called dorsal ruffles (in w90% of the cells)
(Figure 6A). To confirm this altered Rac localization in
Ga12
2/2Ga13
2/2 cells, we examined the subcellular lo-
calization of cortactin. Cortactin is a cytoplasmic protein
that is recruited by activated Rac to membrane ruffles
and lamellipodia, where cortactin stimulates Arp2/3-me-
diated actin polymerization (Weed et al., 1998). As
shown in Figure 6B, in MEF cells, PDGF stimulation
translocated cortactin from the cytosol to membrane
ruffles and lamellipodia, whereas in Ga12
2/2Ga13
2/2
cells, cortactin was localized in the dorsal ruffles after
PDGF addition. The cortactin staining patterns were
similar to those of Rac, consistent with the altered sub-
cellular localization of Rac in Ga12
2/2Ga13
2/2 cells. Fur-
thermore, we studied the localization of F-actin poly-
mers (Figure 6C). Similar to the localization of Rac and
cortactin, F-actin polymers were also found in mem-
brane ruffles and lamellipodia in MEF cells and in dorsal
ruffles in Ga12
2/2Ga13
2/2 cells (Figure 6C). Because Rac
mediates the PDGF-induced formation of both dorsal
ruffles and lamellipodia (Buccione et al., 2004), the accu-
mulation of dorsal ruffles in Ga12
2/2Ga13
2/2 cells could
be explained if Ga13 were required for breaking down
dorsal ruffles so that actin and other components could
be recycled to form lamellipodia. If that were the case, it
would provide a mechanism by which Ga13 regulates
PDGF-induced cell migration.
Discussion
We have shown that a heterotrimeric G protein, Ga13, is
essential for the biological function of RTKs. Our data
further reinforce the integrative nature of signaling cas-
cades in cells. We have also shown that a GPCR is un-
likely to be involved in the activation of Ga13 in RTK-in-
duced fibroblast cell migration. Previously, Ga13
deficiency has been shown to block thrombin- and
LPA-induced cell migration (Offermanns et al., 1997).
Therefore, Ga13 can serve as a signal transducer for
GPCRs as well as for other non-GPCR receptors. This
concept should broaden our thinking of the signaling ca-
pacity and physiological function of heterotrimeric G
proteins. Furthermore, we have shown that Rac and
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714Figure 6. Subcellular Localization of Rac
(A) Subcellular localization of Rac in MEF
cells and in Ga12
2/2Ga13
2/2 cells, without or
with PDGF treatment (20 ng/ml for 10 min).
(B) Subcellular localization of cortactin in
MEF cells and in Ga12
2/2Ga13
2/2 cells, with-
out or with PDGF treatment.
(C) Subcellular localization of F-actin poly-
mers in MEF cells and in Ga12
2/2Ga13
2/2
cells, without or with PDGF treatment. Data
are representative of three to five experi-
ments.Ga13 form a complex in cells, and that deficiency of Ga13
blocks RTK-induced membrane ruffling and lamellipo-
dia formation, thus providing a mechanism to explain
defective cell migration in the absence of Ga13.
Role of Heterotrimeric G Proteins in RTK Signaling
Our data show that Ga13 acts downstream of PDGFR,
without the participation of a GPCR. There have been
previous reports of the crosstalk between RTKs and
GPCRs and/or G proteins (Waters et al., 2004).
GPCRs/G proteins could use transactivation of RTKs
to activate downstream signals including the ERK/
MAPK pathway (Daub et al., 1996; Prenzel et al., 1999).
Similarly, RTKs could use GPCRs/G proteins to signal
(Moxham and Malbon, 1996). GPCRs could form a direct
complex with RTKs such as that between PDGFRb and
the Gi-coupled S1P1 receptor (a GPCR for sphingosine
1-phosphate) (Waters et al., 2003). Although a role for
the S1P1 receptor in PDGF-induced cell migration is
controversial (Hobson et al., 2001; Kluk et al., 2003), it
was proposed that the S1P1 receptor might supply Gai
proteins for PDGFRb, leading to the activation of the
ERK/MAPK pathway (Alderton et al., 2001). Various ap-
proaches including toxins, inhibitors, and antisense
constructs have been used to inhibit the function or to
reduce the level of G proteins or GPCRs. These treat-
ments led to impairment of RTK cellular signaling (Sun
et al., 1997). However, the mechanisms of this crosstalk
between GPCRs/G proteins and RTKs remain to be fully
characterized. Furthermore, it is interesting to note that,
in addition to the plasma membrane-associated G pro-
tein trimers, Ga subunits (such as Ga13) also reside on
internal cellular membranes or in the cytoplasm (Denker
et al., 1996; Wilson et al., 1994; Yamazaki et al., 2005).GPCR-Independent Activation of Heterotrimeric G
Proteins
Our data indicate that coupling to a GPCR is not essen-
tial for the Ga13 function downstream of RTKs in fibro-
blast cell migration. The question of how Ga13 is acti-
vated remains. There is a growing list of G protein
activation mechanisms independent of GPCRs (Ber-
nard et al., 2001; Cismowski et al., 2000; Kroslak
et al., 2001; Sato et al., 1996; Takesono et al., 1999).
In a yeast expression screen for GPCR-independent
activators of Gbg-dependent signaling, several AGS
proteins (activator of G protein signaling) were identi-
fied (Cismowski et al., 1999; Takesono et al., 1999).
AGS1 is a Ras-related protein; GTP-bound AGS1 has
modest guanine nucleotide exchange activity for the
Gi family of G proteins (Cismowski et al., 2000). Thus,
the possibility of Rac-GTPgS directly activating Ga13-
GDP (or the Ga13-GDP/Gbg complex) needs to be care-
fully investigated. The complexes of AGS1 and Gai and
of Rac and Ga13 are the only two reported direct inter-
actions between a heterotrimeric G protein and a small
GTPase. AGS2 is identical to Tctex1, a light chain com-
ponent of the cytoplasmic motor protein dynein. AGS3,
which contains four GPR (G protein regulatory) motifs,
selectively binds to the GDP-bound form of the Gai
family of G proteins and acts as a guanine nucleotide
dissociation inhibitor (Takesono et al., 1999). AGS3-re-
lated GPR proteins include the human proteins LGN,
Pcp2, and G181b and Drosophila protein PINS (partner
of inscuteable), as well as a related protein (F32A6.4)
from Caenorhabditis elegans (Mochizuki et al., 1996;
Takesono et al., 1999; Yu et al., 2000). These proteins
have been proposed to participate in GPCR-indepen-
dent G protein-regulated events such as asymmetric
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715cell division, mitotic spindle formation, and planar po-
larity of developing sensory organ precursor cells
(Gotta and Ahringer, 2001; Schaefer et al., 2001; Take-
sono et al., 1999). Recently, a non-GPCR protein Ric-8/
synembryn has been shown to function as a guanine
nucleotide exchange factor for Gaq, Gai, Gao, and
Ga13 (Tall et al., 2003). It is possible that, within the
complex of Rac and Ga13 in cells, there is a non-
GPCR exchange factor such as Ric-8. Ric-8 differs
from GPCRs in that GPCRs work on the inactive Ga-
GDP-Gbg trimer while Ric-8 acts only on the Ga-GDP
monomer. Ric-8 could work together with GPR pro-
teins to activate the Ga-GDP-Gbg trimer. Whether
these GPCR-independent activators are involved in
Ga13 activation in cell migration needs further investi-
gation.
How Does Ga13 Regulate Cell Migration?
We have shown here that Ga13 directly interacts with
Rac. Because Rac is a critical regulator of cell migration,
this might provide a starting point for future investiga-
tions. From our studies on the subcellular localization
of Rac, Ga13 might be involved in the regulation of disas-
sembly of dorsal ruffles. In wild-type fibroblast cells,
dorsal ruffles form and disappear quickly (w20 min)
(Krueger et al., 2003). However, in the absence of Ga13,
the dorsal ruffles stay much longer (w60 min) (Figure 5;
D.W. and X.-Y.H., unpublished data). Because dorsal
ruffles take up much of the actin polymers, a slow disas-
sembly of dorsal ruffles would slow down the formation
of other actin polymer-based structures such as lamelli-
podia that are required for cell migration. Given that the
formation of these dorsal ruffles is controlled by Ras,
Rac, and Rab5 small GTPases (Bar-Sagi and Feramisco,
1986; Dharmawardhane et al., 1997; Lanzetti et al., 2004;
Suetsugu et al., 2003), one way to slow down the disas-
sembly of dorsal ruffles (in the absence of Ga13) would
be to slow the conversion of Ras (or Rac, Rab5) from
its active GTP-bound state to the inactive GDP-bound
state, that is, to slow the GTP hydrolysis. In other words,
the presence of Ga13 could accelerate the conversion. It
is interesting to note that we have previously shown that
Ga12 could activate a specific Ras GTPase-activating
protein, Gap1m, to shorten the duration of activated
Ras in cells (Jiang et al., 1998). Furthermore, in a yeast
two-hybrid assay, Ras-GAP III (Gap1IP4BP, related to
Gap1m) was shown to interact with Gao (Tall et al.,
2003). Moreover, Rap1GAP has also been shown to di-
rectly interact with Gao, Gai, and Gaz (Jordan et al.,
1999; Meng et al., 1999; Mochizuki et al., 1999). Thus,
Ga13 could act through a GAP for Ras, Rac, or Rab5 to
accelerate the actin cytoskeletal turnover and, hence,
cell migration.
Alternatively, among other reported Ga13-interacting
proteins, some may have the potential to mediate
Ga13’s function in cell migration. Ga13 has been reported
to directly interact with the actin binding protein radixin
(Vaiskunaite et al., 2000). This interaction could link Ga13
to actin cytoskeletal reorganization. Although p115 Rho-
GEF family proteins could also link Ga13 to Rho and actin
cytoskeletal reorganization, this pathway leads to the
formation of actin stress fibers (Hart et al., 1998). In fibro-
blast cells, Rho negatively influences cell migration (Cox
et al., 2001; Vial et al., 2003; Yang and Huang, 2005). TheBtk family tyrosine kinase Bmx has been shown to be
critical for VEGF-induced endothelial cell migration (Sto-
letov and Terman, 2004). The inhibitor LFM-A13 for the
Btk family tyrosine kinases can inhibit fibroblast cell mi-
gration (D.S. and X.-Y.H., unpublished data). Thus, the
Btk family tyrosine kinases are also candidates for work-
ing downstream of Ga13 in cell migration. Ga13 has also
been shown to directly interact with Hax-1, a cortactin-
interacting protein (Radhika et al., 2004). Ga13 and
Hax-1 form a complex with cortactin and Rac in
HEK293 cells (Radhika et al., 2004). Further investiga-
tions are needed to establish the direct effector(s) medi-
ating Ga13 function in regulating cell migration.
Experimental Procedures
Plasmid Constructs
The human Ga12, Ga13, and Rac wild-type and mutant plasmids (all
in pcDNA3.1 vector) were obtained from the Guthrie Research Cen-
ter (Danville, PA). Several Ga13 C-terminal mutants were made. One
was without the last five amino acid residues (QLMLQ). The second
one (results described in the figures) was without the last five amino
acids and was subcloned into pcDNA3.1-myc-His vector. Thus, this
C-terminal deleted Ga13 mutant had a Myc tag and a His6 tag at its C
terminus (EQKLISGGDLNMHTEHHHHHH). The third Ga13 mutant
had a TAP tag at its C terminus (Rigaut et al., 1999). The TAP tag
has 184 amino acid residues including a calmodulin binding peptide,
a TEV cleavage site, and two IgG binding domains of protein A. The
Ga13/i-DD1 chimera (in pET28a) was made based on the Ga13/i-5 chi-
mera (Chen et al., 2005) with the following sequences: amino acid
residues 1–47 of Gai1 + 64–235 of Ga13 + 213–230 of Gai1 + 254–
262 of Ga13 + 240–353 of Gai1. The sequences of the final constructs
were verified by DNA sequencing. The GST-PBD plasmid was pro-
vided by Y. Zheng (Wu et al., 2003).
Wound-Healing Assay
Wild-type and Ga12
2/2Ga13
2/2MEF cells (isolated from E8.0 Ga12
2/2
Ga13
2/2 embryos) (Gu et al., 2002) in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal bovine serum (FBS) were
seeded into wells of 24-multiwell plates (Becton-Dickinson) (Shan
et al., 2005; Yang and Huang, 2005). After they grew to confluency,
wounds were made with sterile pipette tips. Cells were washed
with phosphate buffered saline (PBS) and refreshed with medium
containing 10% FBS or 20 ng/ml platelet-derived growth factor
(PDGF-BB). After overnight incubation at 37ºC, cells were fixed and
photographed (with 1003magnification). MEF cells were transfected
with Lipofectamine2000 (Invitrogen; transfection efficiency was
10%–30%).
Chamber Cell Migration Assay
Cell migration was assayed in Boyden chambers (8.0 mm pore size
polyethylene terephthalate membrane, FALCON cell culture insert;
Becton-Dickinson) (Shan et al., 2005; Yang and Huang, 2005). Cells
were trypsinized and counted, and 5–10 3 104 cells in serum-free
medium (300 ml) were added to the upper chamber and 500 ml of ap-
propriate medium with 10% FBS or 20 ng/ml PDGF was added to the
lower chamber. Transwells were incubated for 4–6 hr at 37ºC. Cells
on the inside of the transwell inserts were removed with a cotton
swab, and cells on the underside of the insert were fixed and
stained. Photographs of three random fields were taken and the
number of cells counted to calculate the average number of cells
that had transmigrated.
MAPK Assay
Whole-cell lysates were prepared from MEF cells, Ga12
2/2Ga13
2/2
cells, and Ga12
2/2Ga13
2/2 + Ga13 cells, with or without stimulation
by PDGF. Activated ERK MAPK proteins were immunoprecipitated
from cell lysates by a monoclonal antibody against phospho-p44/
42 ERK MAPK (crosslinked to agarose beads) (Cell Signaling Tech-
nology). The ERK MAPK activity was measured by the phosphoryla-
tion of substrate GST-Elk-1 that was detected by Western blotting
with an anti-phospho-Elk-1 antibody.
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RNA interference was performed with Qiagen’s 2-for-Silencing
siRNA duplexes. Cells were plated in six-well plates the day before
transfection. Two and a half micrograms of siRNA was diluted in
100 ml buffer EC-R (Qiagen). Seven and a half microliters of RNAiFect
transfection reagent (Qiagen) was added to form complexes. After
incubation for 15 min at room temperature, the complexes were
added to the cells. Two days later, the cells were again transfected
with the same amount of siRNA. Cells were assayed after 3 more
days of incubation. For Ga13 siRNA oligomers, the sequences for
the first pair were r(GUA CGA CUU UGA AAU UAA A)dTdT (sense)
and r(UUU AAU UUC AAA GUC GUA C)dTdC (antisense). The se-
quences for the second pair (data not shown) were r(GGG UGA
GUC UGU AAA GUA U)dTdT (sense) and r(AUA CUU UAC AGA
CUC ACC C)dAdG (antisense). The control siRNA oligomers were
supplied by Qiagen.
Rac Activation Assay
After stimulation with 20 ng/ml PDGF for 10 min, cells were washed
with PBS and lysed with lysis buffer (20 mM Tris-HCl [pH 8.0], 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mg/ml leu-
peptin, 1 mM PMSF). Thirty micrograms of GST-PBD attached to
beads was added to cell lysates. After incubation at 4ºC for 60
min, the beads were washed three times with lysis buffer. SDS sam-
ple buffer was added to the beads and the samples were boiled at
90ºC for 10 min and run on 12% SDS-PAGE gels. Immunodetection
of Rac was done with an anti-Rac antibody (clone 23A8, Upstate
Biotechnology).
Fluorescence Microscopy
Staining and observation of actin stress fibers were performed as
previously described (Lowry et al., 2002). Cells were plated onto
coverslips coated with gelatin. Cells were then fixed with 3.7% form-
aldehyde. The fixed cells were then permeabilized in 0.1% Triton X-
100 for 5 min. After washing in PBS, phalloidin conjugated to rhoda-
mine (Molecular Probes) in a solution containing PBS and 1% BSA
was added to stain actin. After incubation for 30 min at room temper-
ature, the cells were washed extensively to reduce nonspecific inter-
actions. The coverslips were then fixed onto slides and imaged us-
ing a Zeiss fluorescence microscope. For Rac and cortactin staining,
anti-Rac and anti-cortactin antibodies were from Upstate Cell Sig-
naling Solutions. The immunostaining was done as previously de-
scribed (Lowry et al., 2002).
Coimmunoprecipitation Assay
In vivo coimmunoprecipitation was done as described (Lowry et al.,
2002). Plasmid cDNAs were transfected into HEK293T cells using
the calcium phosphate method, and whole-cell extracts were
made 48 hr later. Five hundred microliters of whole-cell extract in
cell lysis buffer was precleared with 20 ml of protein A/G agarose
beads for 30 min at 4ºC. Lysates were then incubated with monoclo-
nal anti-Rac antibody (clone 23A8, Upstate Biotechnology) for 2 hr at
4ºC. Forty microliters of protein A/G agarose beads was then added.
After overnight incubation, the beads were washed three times with
500 ml of lysis buffer. Samples were run on 10% SDS-PAGE gels and
Western blotted with polyclonal anti-Ga13 antibody (A-20, Santa
Cruz Biotechnology). For in vitro coimmunoprecipitation, cell ex-
tracts were replaced with purified proteins in PBS.
Protein Purification
GST or His6-tagged Rac proteins were purified from E. coli and re-
combinant Ga13 was purified as a His6-tagged protein from Sf9 cells
as described (Lowry et al., 2002). Gai1 and Ga13/i-DD1 (in pET28a)
proteins were purified from E. coli as His6-tagged proteins.
Supplemental Data
Supplemental Data include two figures and are available at http://
www.developmentalcell.com/cgi/content/full/10/6/707/DC1/.
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